Abstract Atmospheric aerosol optical depth (AOD) plays an important role in radiation modeling and partly determines the accuracy of estimated downward surface shortwave radiation (DSSR). In this study, Iqbal's model C was used to estimate DSSR under cloud-free conditions over the Koohin and Chitgar sites in Tehran, Iran; the estimated DSSR was based on (1) our proposed hybrid modeling scheme where the AOD is retrieved using the Simplified Aerosol Retrieval Algorithm (SARA), ground-based measurements at the AERONET site in Zanjan and (2) the AOD from the Terra MODerateresolution Imaging Spectroradiometer (MODIS) sensor. Several other Terra MODIS land and atmospheric products were also used as input data, including geolocation properties, water vapor, total ozone, surface reflectance, and top-ofatmosphere ( . These results show that the proposed hybrid scheme can be used at regional to global scales under the assumption of future access to spatially distributed AERONET sites. Additionally, the robustness of this modeling scheme was exemplified by estimating the aerosol radiative forcing (ARF) during a dust storm in Southwest Asia. The results were comparable to those of previous studies and showed the strength of our modeling scheme.
Introduction
Net surface shortwave radiation (NSSR) is defined as the difference between the total downward and upward shortwave radiation at the earth's surface in the 300-3000-nm region. As a main component of NSSR, the downward surface shortwave radiation (DSSR) controls the energy exchange between the atmosphere and land/ocean surfaces and significantly affects climate forming and change (Huang et al. 2012; Ma and Pinker 2012) . Estimation of DSSR with high spatial and temporal resolution is needed for modeling and planning purposes in various areas such as agriculture, forestry, oceanography, meteorology, and climatology. DSSR is also used as input for quantifying evapotranspiration, which is a major input in soil water balance analyses (Carrer et al. 2012; Sellers et al. 1997; Sellers et al. 1996) . Moreover, DSSR is a key factor for the determination of the best location for solar energy systems that focus on both concentrating photovoltaics and concentrating solar thermal systems.
Station-based measurements of DSSR are confined to specific locations, whereas remote sensing is used to retrieve data with local to global coverage (Liang 2004) . Therefore, many broadband models have been built to estimate DSSR from remote sensing data, particularly from the MODerateresolution Imaging Spectroradiometer (MODIS) on the Terra and Aqua platforms and various other sensors on geostationary satellites. The broadband models that simulate the direct interaction between solar radiation and the atmosphere (including absorption by water vapor, gas, and ozone as well as absorption and scattering by aerosols) may be more suitable for multispectral sensors such as MODIS, which provide several atmospheric and land surface data products. MODIS data products have temporal resolutions of 1 day to 1 year and spatial resolutions such as 1 km (e.g., geolocation properties, surface reflectance, and water vapor) and 5 km (e.g., ozone amount), which are appropriate for mapping landscapes from the regional to global scale (MODIS 2016) . Many algorithms that do not require such heavy computational power and detailed inputs as the radiative transfer models have been developed to estimate DSSR based on MODIS products (Bisht et al. 2005; Chen et al. 2012 Chen et al. , 2014 Huang et al. 2012; Niu and Pinker 2015; Ryu et al. 2008; Wang et al. 2012) .
Recent studies have shown that the accuracies of existing DSSR maps are not always satisfactory (Gueymard 2012; Suri et al. 2009 ). Moreover, it has been found that much of these uncertainties could be explained by inaccurate aerosol data used to model DSSR for cloud-free (clear-sky) conditions (Castelli et al. 2014; Gueymard 2011) . Most current research in the estimation of solar radiation uses atmospheric aerosol information provided from chemical transport models that use data assimilation systems; the aerosol data may have coarse spatial resolution and may not be suitable for applications at scales between 1 and 10 km (Kim and Liang 2010) . Recent land surface and climate models require a 10 km or finer spatial resolution (Bromwich et al. 2005; Kustas et al. 2004; Li et al. 2008) . Various algorithms have been developed to estimate the AOD and to infer dust mass loading using remote sensing techniques at various spatial resolutions. MODIS Level 2 (L2) AOD has a spatial resolution of 10 km and provides aerosol properties from the Dark Target (DT) (Levy et al. 2007 ) and Deep Blue (DB) (Hsu et al. 2004) algorithms. The DT algorithm overestimates the AOD over bright surfaces and underestimates the AOD over unusually dark surfaces under clear atmospheric conditions (Levy et al. 2010) . Moreover, the DT algorithm is unable to estimate the AOD under turbid conditions because of its limitation of DT selection criteria and thus produces many missing pixels (Bilal et al. 2013) . The DB algorithm has fewer missing pixels because of its ability to estimate the AOD over bright surfaces; however, the estimated AOD still has low accuracy with considerable underestimation, especially under dusty conditions (Bilal et al. 2014) . The MODIS Level 3 (L3) AOD consists of a spatial aggregation of MODIS L2 AODs into a regular grid with a spatial resolution of 1° (Hubanks et al. 2008) . Fewer missing pixels are found in MODIS L3 AOD, although the spatial resolution is coarse. The abovementioned problems would affect the estimates and make it difficult to obtain accurate DSSR at high spatial resolution under low and high aerosol loadings, particularly during dust storms. Therefore, the use of AOD data with higher spatiotemporal resolutions is necessary to reduce uncertainties in the estimation of the DSSR under clear and turbid atmospheric conditions. Bilal et al. (2013) have recently developed the effective Simplified Aerosol Retrieval Algorithm (SARA) for higher spatiotemporal resolution AOD. SARA uses MODIS radiance and surface reflectance data, and single scattering albedo and asymmetry factor extracted from AERONET site. Bilal et al. (2013) have evaluated SARA over Hong Kong and showed that SARA better represents aerosol conditions than MODIS L2 AOD Collection 5 (C5). SARA also performed better than previous higher resolution algorithms, which were also studied over Hong Kong under low and high aerosol loadings (Bilal et al. 2013; Chengcai et al. 2005; Wong et al. 2011 ). In addition to SARA's performance, it is able to retrieve AOD for a particular location more frequently than the MODIS DT algorithm because it considers all cloud-free pixels, as opposed to the selection of dark-target pixels by the DT algorithm (Bilal et al. 2014) . Bilal et al. (2014) also investigated the robustness and accuracy of SARA under a severe dust storm in Beijing on 17th April 2006; their results showed that the SARA AOD had higher accuracy and reliability than the MODIS L2 AOD. The SARA algorithm has been further validated for haze pollution over land using MODIS data (Bilal and Nichol 2015) , and over coastal water surfaces using VIIRS data (Bilal et al. 2017 ).
Iqbal's broadband model C (Iqbal 1983 ) was used to calculate the DSSR from various land and atmospheric data from Terra MODIS in northern Iran, including the Koohin and Chitgar sites in 2011 and 2013, respectively (see Table 1 ). Instead of using the coarse spatial resolution and low accuracy of the MODIS AOD product, SARA was used to retrieve AOD at 1 km resolution, and the SARA AOD was then used to estimate SARAbased DSSR at the study sites. Therefore, a hybrid scheme was developed in this study to estimate SARA-based DSSR at 1 km resolution using MODIS data. For comparison purposes, MODIS L3 AOD was also used to estimate MODIS-based DSSR at the study sites. Finally, we attempted to estimate the radiative effect of aerosols (called aerosol radiative forcing, ARF) using a proposed hybrid scheme during a dust storm in Southwest Asia, and we tried to understand the radiative implications of dust in the shortwave region.
The aim of this study was to evaluate the proposed hybrid modeling scheme for estimation of high-resolution DSSR at two distinct sites in northern Iran and then to exemplify its usefulness by assessing ARF during a dust storm event. To achieve this aim, the objectives were as follows:
SARA-based and MODIS-based DSSR with pyranometer measurements; and & assess the ARF upon DSSR and NSSR by applying the modeling hybrid scheme to a dust storm event.
Materials and methods

Study sites and field measurements
The I. R. of the Iran Meteorological Office (IRIMO) conducted a program that measured various meteorological and surface variables over the North of Iran (IRIMO 2016) . In this study, we used data from two eddy covariance sites, the Koohin and Chitgar sites located in Qazvin and Tehran, that provide continuous measurements of DSSR (Fig. 1) . Data acquired in 2011 at the Koohin site and 2013 at the Chitgar site were used for validating the DSSR estimates. Two Kipp and Zonen CMP6 pyranometers at the height of 1.5 m above the ground were used to measure DSSRs at the study sites (Table 1) . Data were quality controlled using SPSS software, and data outside one standard deviation were considered outliers. Ground measurements were recorded every 10 min at the ground stations. The measurement data from both Koohin and Chitgar were aggregated to 30-min intervals for comparison with the estimates of DSSR presented in the BResults^section.
The IASBS AERONET site is located in Zanjan ( Fig. 1 and Table 1 ) and was also used to obtain cloud-screened level 1.5 Version 2 AOD data for the study days. These data were also averaged for ± 30 min around the Terra satellite overpass time and were used to calculate the single scattering albedo and the asymmetry factor by SARA over the Qazvin Koohin and Tehran Chitgar sites.
Additionally, visibility data were obtained from an IRIMO meteorological station at the Mehrabad Airport, located only 13 km from the Chitgar site (35.68°N, 51.31°E) (http://www. irimo.ir/eng/wd/720-Products-Services.html). An observer measures these visibility data manually every 3 h. Normally, visibility did not change much during a day, and data were therefore averaged for each day. An equation provided by Vermote et al. (2002) was then used to retrieve the visibilitybased AOD from daily visibility data.
MODIS sensor data
The Terra MODIS level 1 top-of-atmosphere (TOA) radiance product (MOD02), geolocation product (MOD03), level 2 land surface reflectance product (MOD09), level 2 land surface temperature (LST) product (MOD11), level 2 water vapor product (MOD05), level 2 atmospheric profiles product (MOD07), and level 3 atmospheric product (MOD08) were obtained from the Goddard Space Flight Center (GSFC) Level-1 and Atmosphere Archive and Distribution System (LAADS) (http://ladsweb.nascom.nasa.gov). The various MODIS data products and parameters used, along with their spatial resolutions, are summarized in Table 2 . The schemes presented in this paper were run at a resolution of 1 km on a regular latitude-longitude grid. However, even if the estimated DSSRs are at 1 km resolution, some of the input data are only at the nominal 1 km resolution, which is different from the real resolution. In addition, the level 2 atmospheric profiles product (MOD07) and the level 3 atmospheric product (MOD08) have 5 km and 1°resolutions, respectively, and were therefore resampled to the 1 km resolution of the other products. Table 3 lists the number of acceptable cloud-free days over the study sites, including the Koohin and Chitgar sites during June-October 2011 and June-October 2013, respectively. Twenty five and 19 cloud-free days at the Koohin and Chitgar sites, respectively, were selected for the LST product. The LST data product is only available for cloud-free pixels, and pixels in the LST product for which land surface temperature was available thus served as an indicator of the cloud cover over the study site.
Retrieval of AOD using SARA
The SARA algorithm (Eq. (1)) is based on real viewing geometry and encompasses a wide range of aerosol conditions and types (Bilal and Nichol 2015; Bilal et al. 2013 Bilal et al. , 2014 . SARA has three assumptions: (1) the surface is Lambertian, (2) single scattering approximation, and (3) the single scattering albedo and the asymmetry factor do not vary spatially over the region on the day of retrieval. The SARA algorithm is expressed as: 
where τ a,λ = spectral aerosol optical depth, τ R = Rayleigh optical depth, ρ TOA = TOA reflectance, ρ s = surface reflectance, ρ Ray = Rayleigh reflectance, P a = aerosol phase function, ω o = single scattering albedo, g = asymmetry factor, μ s = cosine of solar zenith angle, μ v = cosine of sensor zenith angle, θ s = solar zenith angle, θ v = view zenith angle, ϕ = relative azimuth angle, and λ = wavelength (here λ = 550 nm, the green wavelength of MODIS). The Rayleigh optical depth mainly depends on the ambient pressure and ground elevation and can be calculated using an equation suggested in Liang (2004) . Rayleigh reflectance depends on the determination of the Rayleigh phase function (Lado-Bordowsky and Naour 1997; Liang 2004) and Rayleigh optical depth. The aerosol phase function represents the angular distribution of light scattered by particles, and the aerosol phase function is determined by the single-term Henyey-Greenstein method (Rahman et al. 1993) . The TOA reflectance is a function of the TOA radiance, SZA, earth-sun distance in astronomical units and mean solar exoatmospheric radiation and can be estimated using Eq. (2) (Allen et al. 2007 ):
where L TOA(λ) = satellite-received TOA spectral radiance, ESUN λ = mean solar exoatmospheric radiation as a function of MODIS band wavelengths (Tasumi et al. 2008) , and d = the earth-sun distance in astronomical units. The detailed calculation procedures follow the equations in Bilal et al. (2013) ; they are not repeated here but can be found in the original documents.
Although ω o and g have very small changes during a day for clear-sky conditions, both may show relatively large changes under turbid conditions. The results presented in Bilal et al. (2013) suggested that AOD retrieved by SARA is 185, 197, 200, 205, 209, 212 182, 183, 185, 187, 189, 194, 198, 203, 205 August 215, 233 230, 237 September 244, 246, 247, 248, 249, 251, 253, 256, 257, 260, 272 251, 258, 262, 265, 269, 271 October 276, 279, 283, 297 -more sensitive to ρ s than to g and ω o under clear-sky conditions. Additionally, Bilal et al. (2014) considered a wider range of aerosol types (ω o = 0.30-1.0, g = 0.0-1.0) to retrieve SARA AOD during a dust storm. The results indicated that the assumptions of aerosol conditions and types and the surface reflectance used in SARA are reasonable. On the other hand, Iqbal's model C used to estimate DSSR is relatively insensitive to small changes in these parameters. Therefore, we assumed in the present research that ω o and g were constant for a particular day over the studied sites. Daily values of ω o and g for all days for which SARA AOD was retrieved were determined from matching SARA AODs as a function of ω o and g, and the averaged AOD from the IASBS site was obtained within ± 30 min of the Terra satellite local overpass time. This was empirically accomplished using the fixed point iteration (FPI) method (Kelley 1995) and by varying the values of ω o and g until a match was obtained. Then, ω o and g, together with the MODIS green TOA reflectance and surface reflectance, were used to estimate the 1 km AOD over the Koohin and Chitgar sites at Terra satellite overpass time. The retrieved SARA AOD was then extracted and averaged for a 3 km × 3 km spatial subset region cantered on both sites (Ichoku et al. 2002) .
Retrieval of the AOD using visibility measurements
The recorded visibility at the Mehrabad Airport was converted to AOD using the Vermote et al.'s (2002) formula (Eq. (3)):
where V is the visibility in km and AOD 550 is AOD at the 550-nm wavelength. The equation is not valid for AOD ≤ 0.08498. The estimated daily AOD was then compared with SARA AOD and MODIS L3 AOD at the Chitgar site.
Retrieval of DSSR using MODIS data
Iqbal's model C was used to estimate the DSSR using MODIS land and atmospheric products (Eqs. (4)- (7)). See Iqbal (1983) for a more detailed description of the algorithm. DSSR consists of two components, direct and diffuse. Direct downward shortwave surface radiation (I dir ) can be expressed as:
where I 0 is the extra-terrestrial solar radiation corrected for the earth-sun distance, θ is the SZA, T R is the transmittance of Rayleigh scattering, T G is the transmittance of absorbance of uniformly mixed gases (carbon dioxide and oxygen), T o is the transmittance of ozone absorbance, T w is the transmittance of water vapor absorption, and T A is the transmittance of aerosol absorbance and scattering. Diffuse downward shortwave surface radiation (I dif ) can be expressed as:
where I as is diffuse downward shortwave surface radiation from Rayleigh and aerosol scattering, T AA is the transmittance of aerosol absorbance, T AS is the transmittance of aerosol scattering, B a is the ratio of the forward-scattered radiation to the total radiation scattered by aerosols and treated as the constant 0.84 (Annear and Wells 2007) , m a is the pressure-corrected air mass, α is the ground albedo, and r s is the atmospheric albedo. Then, the total DSSR (direct plus diffuse) can be expressed by Eq. (7).
MODIS LST is available only for cloud-free pixels, and pixels for which LST is available were thus used as indicators of cloud-free conditions. For cloud-free pixels, the SARA AOD was first retrieved by SARA using the single scattering albedo and the asymmetry factor obtained from the IASBS AERONET site and the geolocation properties, TOA radiance, and surface reflectance from MOD03, MOD02, and MOD09, respectively. Then, the retrieved SARA AOD was used as input to Iqbal's model C along with the SZA, water vapor amount, and ozone amount extracted from MOD03, MOD05, and MOD07 to estimate the SARA-based DSSR at the study sites. For comparison, MODIS L3 AOD together with the MODIS data products for SZA, water vapor amount, and ozone amount were also used to estimate the MODIS-based DSSR at the study sites. SARA-based DSSR estimates obtained from our hybrid scheme and MODIS-based DSSR were then extracted and averaged for a 3 km × 3 km spatial subset region centered on the Koohin and Chitgar sites at the Terra satellite overpass times. The framework of the method is summarized in the flowchart shown in Fig. 2 .
The following statistical measures were used to evaluate SARA-based and MODIS-based DSSR against groundbased measurements of DSSR at the selected sites:
where R 2 , RMSE, MAPE, and Bias are the coefficient of determination, root mean square error, mean absolute percent error, and bias, respectively. E and O are the estimated and observed DSSR, and Ē and Ō are the mean values of estimated and observed DSSR.
Retrieval of aerosol radiative forcing during a dust storm event
Southwest Asia, including, e.g., Iran, the Persian Gulf, Iraq, and Saudi Arabia, is a hot-spot region that has reported the highest frequency of dust storms (Furman and Kutiel 2003) . Dust storms in these regions, especially in Southwest Iran, are more frequent in spring and summer than in autumn and winter. On 4th July 2009, a massive dust storm had persisted over Iraq for a week when it began to spread towards the east and southeast, over Iran and the Persian Gulf (NASA 2016).
This dust storm was used to exemplify the applicability of our proposed hybrid scheme for SARA-based DSSR; Ahvaz in Iran, Persian Gulf in Iran, Al Basrah in Iraq, and Kuwait City in Kuwait were chosen as study sites, and our scheme was used to assess the ARF upon DSSR (ARF DSSR ) and NSSR (ARF NSSR ) for 4th July and 9th July. According to measurements made at the Kuwait University AERONET site, 4th July had the largest AOD, and 9th July in 2009 had the lowest AOD among the observation days (Fig. 3) .
Therefore, we selected 4th July as the dusty day and 9th July as the non-dusty day. AOD data for Kuwait City were obtained directly from the Kuwait University AERONET site, whereas SARA was used for the other sites. For all four sites, Iqbal's model C was used to calculate SARA-based DSSR. DSSR was then averaged for the dusty and non-dusty days using a sinusoidal model proposed by Bisht et al. (2005) . Finally, daily average ARF DSSR was calculated by Eq. (12):
where daily average ARF DSSR is defined as the difference between daily average DSSR with aerosols and daily average DSSR O without aerosols. DSSR O was calculated for 4th July and 9th July under the assumption that AOD = 0.1 (aerosolfree days). Surface albedo can be used to estimate ARF NSSR . The surface albedo was derived from the MODIS bidirectional reflectance distribution function/albedo product (Moody et al. 2005) . MODIS provides both black-sky albedo (BSA) (direct reflectance) and white-sky albedo (WSA) (bihemispherical reflectance) for seven spectral bands (0.470, 0.555, 0.659, 0.858, 1.240, 1.640, and 2.100 μm) as well as for three broadbands (0.4-0.7, 0.7-4.0, and 0.3-4.0 μm) at 1 km spatial resolution (Schaaf et al. 2002) . Surface albedo was then calculated from BSA and WSA for the dusty and non-dusty days using Eq. (13):
where DSF is the diffuse sky fraction, which is a function of aerosol loading and SZA. The retrieved SARA AOD was used to derive the DSF using a look-up table provided by the MODIS land team (Lucht et al. 2000) . Daily average ARF NSSR is defined as the difference between the daily average NSSR with aerosols and the daily average NSSR without Fig. 2 Framework of the SARAbased DSSR obtained from our hybrid scheme and MODISbased DSSR. The shaded area indicates retrieval of the AOD using SARA, where ω o is the single scattering albedo and g is the asymmetry factor. The definition of each product in the flowchart can be found in Table 2 aerosols, NSSR O , and can also be calculated from the surface albedo and daily average ARF DSSR (Eq. (14)):
Results
Comparison of estimated AODs at the Chitgar site Figure 4a , b shows the comparisons between the SARA AOD and MODIS L3 AOD at the Chitgar site with the visibility AOD at Mehrabad Airport site, which is only 13 km away from the Chitgar site. The SARA AOD is in good agreement with the visibility AOD, whereas the MODIS L3 AOD seems to overestimate the AOD. We could expect the SARA AOD to be more accurate than the MODIS L3 AOD since more detailed land and atmospheric data have been used as inputs to SARA, i.e., higher resolution MODIS TOA reflectance and surface reflectance together with the IASBS single scattering albedo and the asymmetry factor. In comparison, the MODIS L3 AOD uses the DT algorithm, which works well only over densely vegetated (Bdark^) surfaces and overestimates AOD over bright surfaces (ρ 2.21 μm approaching 0.25) (Levy et al. 2010 ). An average window of 3 km × 3 km pixels over the Chitgar site was calculated and shows that the surroundings consist of bright surfaces (ρ 2.21 μm approaching 0.24) that should generate overestimated AOD values. Additionally, SARA can estimate the AOD with a 1-km spatial resolution, in comparison to the 1°MODIS L3 AOD. SARA is superior to the MODIS DT algorithm in resolution and accuracy and in its consideration of all cloud-free pixels. Therefore, the SARA AOD could be appropriate input data to estimate DSSR with 1 km resolution. Figure 5a , b shows spatial SARA and MODIS L3 AOD representations over the North of Iran, including Zanjan (brown oval) and Tehran (black oval) and its surroundings on 6th June 2013. Spatial variations in AOD were obviously well captured by SARA AOD (see Fig. 5a ), whereas MODIS L3 AOD has such coarse resolution that it was not able to represent these variations (see Fig. 5b ). SARA AOD revealed a fairly high aerosol loading (~0.50) over the Namak Lake (red oval), which is a salt lake in Iran because of salt aerosols from dry parts of the lake and mineral dust aerosols from the Dasht-e Kavir, also known as Kavir-e Namak and the Great Salt Desert. However, MODIS L3 AOD was completely unable to represent this high aerosol loading because of missing pixels over the affected area (see Fig. 5b ). Because of its higher spatial resolution, the SARA AOD could show detailed information on DSSR in the North of Iran, whereas the MODIS L3 AOD was unable to represent variations not only because of low resolution but also because of the effect of bright aerosols on the visible band thresholding, which resulted in missing data.
Spatial representations of AOD over the North of Iran
Validation of estimated DSSRs
Estimated DSSRs based on the scheme presented in the BRetrieval of DSSR using MODIS data^section were validated using the ground-based measurements recorded at the Koohin and Chitgar sites under cloud-free conditions. The modeling scheme was applied to 25 cloud-free days for the period June-October 2011 and 19 cloud-free days for the period June-October 2013 during MODIS overpasses at the Koohin and Chitgar sites, respectively. The distinction between cloud-free and cloudy days was made based on the MOD11 L2 data product that is available for only cloud-free pixels. Figure 6 and Table 4 show the validations of SARA-based and MODIS-based DSSR against pyranometer measurements during the study days at the Koohin and Chitgar sites. The SARA-based DSSR resulted in R (Fig. 6a1, a2) (Fig. 6b1, b2) .
From Table 4 , it appears that the estimated DSSRs were relatively similar at the Koohin and Chitgar sites for both SARA-based and MODIS-based schemes. Compared with the MODIS-based DSSR, the estimated instantaneous SARA-based DSSR agreed well with ground-based measurements with very low bias at both sites. The computed average RMSE for SARA-based DSSR was 2.3 times smaller than that for MODIS-based DSSR, which indicates the high accuracy of the presented hybrid scheme at the study sites for the investigated days. This higher accuracy may be explained by use of SARA, which uses detailed properties of the land and atmosphere to retrieve the AOD. The RMSE of the MODISbased DSSR is close to the results found by Bisht et al. (2005) , Wang et al. (2012) , and Niu and Pinker (2015) when they compare estimated DSSR using MODIS products with ground-based observations over the Southern Great Plains (SGP), Tibetan Plateau, and Arctic region, respectively. The retrieval algorithm of the MODIS atmospheric product provided relatively low accuracy when estimating the L3 AOD compared with the SARA AOD at the Chitgar site (as shown in BComparison of estimated AODs at the Chitgar site^sec-tion). Therefore, the relatively large errors for MODIS-based DSSRs at the study sites may have been caused by the use of coarse-resolution L3 AOD data. Figure 7a , b shows spatial representations of the SARA-based and MODIS-based DSSR over the North of Iran, including Zanjan (brown oval) and Tehran (black oval) and its surroundings on 6th June 2013. Spatial variations were obviously well captured by the SARA-based DSSR, which is based on higher-resolution SARA AOD. In comparison, the MODISbased DSSR did not capture this variation since it is based on the coarser-resolution MODIS L3 AOD. Not only was the SARA-based DSSR in better agreement with ground-based measurements, it also better represented spatial variations in the landscape.
Spatial representations of the estimated DSSR over the North of Iran
Comparison of the estimated DSSRs with evaluations from other studies
Our SARA-based DSSR had lower RMSE and bias not only compared with our MODIS-based DSSR but also compared with other similar studies that have used MODIS data products (Table 5) . Chen et al. (2014) Validation of the instantaneous estimated DSSR in Roupioz et al. (2016) showed an R 2 of 0.89, an RMSE of 49.8 W/m 2 , and a bias of − 11.3 W/m 2 when they used Yang's model along with the MODIS AOD product at the Qomolangma site located on the Tibetan Plateau for the year 2009. Note that the DSSRs validated in our paper are instantaneous values, not hourly or daily means, which makes the results more sensitive to dispersion, especially when evaluated against 30-min average observations provided by the ground station.
Compared with our study, the RMSEs of other studies are relatively higher except for Chen's study, which provided daily average estimates of DSSR. These errors may be associated with the coarse spatial resolution of the MODIS daily L3 product (1°) and the uncertainty of the MODIS AOD products. Overall, our SARA-based scheme in this study demonstrated high accuracy and consistency of DSSR estimation at the study sites compared with previous similar studies that used the MODIS AOD product based on the DT algorithm. The high spatial resolution and good quality of the SARA AOD can lead to significant improvement of DSSR estimates under cloud-free conditions. As was previously mentioned, the high accuracy of the SARA AOD may be attributed to the use of the MODIS TOA and surface reflectance by SARA, which could acquire good information from atmospheric aerosols.
Assessment of the estimated ARF during a dust storm over Southwest Asia
Estimated SARA AOD Figure 8a1 , b1 shows MODIS RGB images, and Fig. 8a2, b2 shows the SARA-based AOD over the region on the dusty and non-dusty days. The estimated AOD values in Ahvaz, the Persian Gulf, Al Basrah, and Kuwait City were 1.88, 1.07, 1.40, and 1.44, respectively, on the dusty day and were 0.43, 0.60, 0.36, and 0.45, respectively, on the non-dusty day. If we compare a1 with b1 and a2 with b2, we can see how well the SARA-based AOD represented the high and low aerosol conditions on the dusty and non-dusty days. Bilal et al. tested the robustness and accuracy of the SARA algorithm (Bilal et al. 2014 ) under a severe dust storm in Beijing on 17th April in 2006; they reported that the SARA AOD yielded higher accuracy and reliability than MODIS AOD.
Estimated ARF
Daily average ARF DSSR and ARF NSSR values for Ahvaz, the Persian Gulf, Al Basrah, and Kuwait City on the dusty and non-dusty days are shown in Fig. 9 . For each site, the absolute value of ARF was much higher on the dusty day compared with the non-dusty day. Higher values resulted because of higher aerosol loadings on the dusty and non-dusty days, and the AOD thus played a determinant role in quantitatively affecting the DSSR. For example, ARF DSSR was higher over Ahvaz compared with the other sites on the dusty day because of a higher aerosol loading (1.07) and was higher over the Persian Gulf on the non-dusty day also because of a higher aerosol loading (0.60). The average ARF DSSR for the sites was − 147 W/m 2 for the dusty day and − 54 W/m 2 for the nondusty day. ARF DSSR varied between − 158 and − 117 W/m 2 on the dusty day and between − 74 and − 51 W/m 2 on the nondusty day (Fig. 9a) . The average ARF NSSR for the sites was Fig. 8 (a1) MODIS RGB image over Ahvaz, the Persian Gulf, Al Basrah, and Kuwait City on the dusty 4th July; (b1) MODIS RGB image over Ahvaz, the Persian Gulf, Al Basrah, and Kuwait City on the non-dusty 9th July; and (a2) SARA AOD on the dusty 4th July, and (b2) SARA AOD on the non-dusty 9th July. Fig. 9 ARF of the DSSR (a) and NSSR (b) on the dusty 4th July and the non-dusty 9th July in Ahvaz, the Persian Gulf, Al Basrah, and Kuwait City − 117 W/m 2 for the dusty day and − 44 W/m 2 for the nondusty day, and the ARF NSSR values varied between − 126 and − 104 W/m 2 on the dusty day and between − 65 and − 31 W/ m 2 on the non-dusty day (Fig. 9b) .
Comparison of the estimated ARF with estimates from other studies
The comparison of our ARF estimates with other studies is based on the results provided in three papers: Aher et al. (2014) , Alam et al. (2014) , and Pandithurai et al. (2008) . Aher et al. (2014) found average ARF DSSR values of − 80 W/m 2 for dusty days and − 52 W/m 2 for non-dusty days over Alibaug in India in 2012. This ARF value on the nondusty day is comparable with our result, whereas the dusty day value is lower than that of our result. The Ahers et al. AOD values on the non-dusty and dusty days were approximately 0.4 and 1.0, respectively, whereas in our study, the average AOD values were 0.46 and 1.45, respectively; our non-dusty day value is similar to that of Aher et al., whereas the dusty day value is higher. Therefore, the lower ARF on the dusty day over Alibaug could have been because of the lower AOD. As an average for Ahvaz, the Persian Gulf, Al Basrah, and Kuwait City, our results showed on average a 20% extinction of DSSR for the dusty day compared with the aerosol-free day with the assumption of AOD = 0.1 at the respective sites. values may instead be explained by how AOD was retrieved; they retrieved AOD data from ground measurements, whereas we retrieved AOD using the SARA algorithm.
Discussion
Accurate estimates of DSSR at high spatial resolutions are critical for land surface models to simulate surface energy balances in climate change processes (Solomon et al. 2007 ).
The AOD is the most important input in the estimation of DSSR under cloud-free conditions since it affects the accuracy of DSSR estimates. The objective of this study was to develop an efficient modeling scheme to estimate high-resolution (1 km) DSSR at the regional scale. Then, high-resolution DSSR could be used as an input to the land surface models.
To estimate high-resolution DSSR from MODIS data, this article modified Iqbal's model C with the SARA algorithm, which uses TOA radiance and surface reflectance as inputs. The method was further extended to estimate the ARF by assuming stable single scattering albedo and asymmetry factor within the studied region. Validation results showed that the presented hybrid scheme could accurately estimate the instantaneous DSSR at the Koohin and Chitgar sites. Additionally, the reasonably estimated ARF during a dust storm over Southwest Asia demonstrated the usefulness of our modeling scheme. As mentioned earlier, the average RMSE of the instantaneous SARA-based DSSR at the study sites was approximately 22 W/m 2 , which is smaller than the error obtained from the MODIS-based DSSR presented in this paper and previous MODIS-based studies as well. The capability of the SARA-based scheme to improve the accuracy of DSSR estimates at the study sites may be because of the high-resolution SARA AOD, which is retrieved from the high-resolution TOA radiance and surface reflectance obtained from MODIS data products and the single scattering albedo and asymmetry factor from the AERONET site. The weaker performance by the MODIS-based scheme may be explained by two reasons: (1) the retrieval algorithms of MODIS AOD products, which overestimate the AOD over the bright land surfaces (Levy et al. 2010) , and (2) the coarse resolution of the MODIS L3 AOD product, both of which are discussed in the following sections.
Discussion of the uncertainties and accuracies of MODIS-based and SARA-based DSSR
The uncertainty and error of the MODIS-derived atmospheric parameters essentially influence the accuracy of the estimated DSSR. The retrieval algorithm of the MODIS atmospheric product yielded relatively low accuracy of the AOD estimates compared with the SARA AOD at the Chitgar site, where an average window of 3 km × 3 km pixels over the Chitgar site showed that the surroundings consist of bright surfaces (as shown in the BComparison of estimated AODs at the Chitgar site^section). The retrieval accuracy of aerosol properties is highly influenced by the clouds and bright land surface. Therefore, in addition to the coarse resolution of L3 AOD, the relatively large errors for MODIS-based DSSRs at the study sites shown in the evaluation results may be attributed to these factors.
Another important source of error is the heterogeneity of the atmospheric composition, particularly the aerosol properties within the 1°grid. The heterogeneity effects because of AOD variability impact the estimation of DSSR. The coarse resolution of the MODIS L3 AOD product may be problematic for the application of land surface models at the regional scale and could explain the inconsistency between our MODIS-based DSSR and ground-based observations at the studied sites.
Spatial gaps in the MODIS AOD product also are an important error source in the estimation of DSSR. The complex retrieval of AOD always fails over bright land surfaces, which results in large gaps of AOD values over deserts and causes missing data in DSSR maps, such as gaps over the dried salt lake and surrounding desserts areas in our study region. Therefore, data gaps in the MODIS AOD may be another possible reason for the larger RMSE of the MODIS-based DSSR.
It should be noted that the modeling scheme presented in this paper was used to estimate DSSR only for two groundbased pyranometer sites, assuming a fixed value of the single scattering albedo and asymmetry factor at the regional scale. Future studies should thus include more sites for more robust evaluations. Additionally, the direct and diffuse components of DSSR should be separately evaluated, especially the direct component that depends mainly on the AOD. The assumption of constant single scattering albedo and asymmetry factor at the regional scale could also be an error source for SARAbased DSSR at the Koohin and Chitgar sites, which are approximately 150 and 265 km away from the AERONET IASBS site, respectively. For the findings of the presented study to be applicable at the regional scale and transferable to the global scale, more AERONET sites are needed to account for the variability of the single scattering albedo and asymmetry factor over wider areas.
Another limitation of this study is that both presented modeling schemes are restricted to only cloud-free conditions. Identifying of cloudy pixels in the SARA-based scheme is based on the LST data product, which is available for only clear-sky pixels. In the MODIS-based scheme, there are many missing pixels because of limitations of the MODIS DT algorithm, which discards pixels not meeting the reflectance criteria, as well as the cloud cover criteria. The MODIS AOD retrieval has a positive bias in AOD because of the cloud fraction, which varies from 10 to 26% (Hyer et al. 2011) . Induced errors because of cloud cover, especially in the MODIS AOD, affect the estimation of DSSR with 1 km spatial resolution. For findings of the proposed hybrid scheme to be applicable to all-sky conditions, all-sky information for energy balance purposes should be provided. Information provided by data assimilation systems has a relatively good temporal resolution and can aim to provide all-sky AOD, despite their coarse spatial resolution. Generally, the approach proposed in this paper needs to be improved by retrieving allsky AOD, as well as by considering the effects of clouds on DSSR estimates using the cloud transmittance scheme described by Stephens et al. (1984) and cloud data from the MODIS product.
Overall, the SARA-based DSSR agreed better with ground observations than the MODIS-based DSSR at two distinct study sites, as well as with earlier studies, and therefore should be more suitable for retrieving high-resolution DSSR data at the regional scale during both high-and low-aerosol loading conditions. Another advantage of our proposed hybrid scheme is its capability to retrieve DSSR over all type of surfaces, including bright and dark surfaces; it thus contributes to better estimation of surface energy balances under the likely assumption of future access to all-sky AOD. High-resolution DSSR data can also bridge the gap between existing coarseresolution DSSR products and point-based field measurements and can be used to validate coarse-resolution data.
Discussion of the uncertainties of the ARF estimates ARF can be estimated by the calculation of differences in DSSR and NSSR between dusty days and days without aerosols. Therefore, to demonstrate the usefulness of our hybrid scheme during high aerosol conditions, the hybrid scheme was used to estimate the ARF on dusty and non-dusty days during a dust storm that occurred over Southwest Asia.
In previous studies carried out in Pakistan and India, input parameters such as AOD were taken from AERONET sites. However, in our hybrid scheme, the AOD was retrieved by SARA at 1 km resolution. Although the SARA AOD is not as accurate as AERONET data, its spatial coverage with a high spatiotemporal resolution is an advantage compared with point-based AERONET data. For example, using only one ground-based AOD at the Kuwait University AERONET site does not determine the spatial variation of AOD in Southwest Asia, including Ahvaz, the Persian Gulf, and Al Basrah. In comparison, SARA can estimate the variation in AOD between all sites. Therefore, SARA allows for producing DSSR maps at high spatial resolution, which is necessary to examine ARF at regional and global scales during dust storm events.
Precise radiative transfer models (RTMs), such as the Santa Barbara DISORT atmospheric radiative transfer (SBDART) model, were deployed to calculate ARF on dusty and nondusty days in previous studies, as previously mentioned. In our study, ARF was estimated using our hybrid scheme, which has a rather simple structure compared with RTMs, which may induce uncertainties in ARF estimates. For example, our method does not distinguish between aerosol types that have a considerable impact on the distribution of asymmetrically scattered radiation. However, our estimated ARF is comparable with previous studies, and this simplification may thus be acceptable. Additionally, the modeling scheme does not account for cloud cover since it provides only cloud-free information on the AOD. The presented modeling scheme for estimating ARF can be further improved by the incorporation of information on clouds and aerosols and their vertical distribution based on observations from A-train satellites, including the CLOUD SATellite (CloudSat) and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation satellite (CALIPSO).
Conclusions
This study estimated downward surface shortwave radiation (DSSR) in the north of Iran and successfully evaluated data with ground-based pyranometer measurements at the Koohin site in 2011 and the Chitgar site in 2013. Iqbal's model C was used to estimate DSSR under cloud-free conditions in two ways: (1) based on the aerosol optical depth (AOD) retrieved from the Simplified Aerosol Retrieval Algorithm (SARA) together with ground-based measurements at the IASBS AERONET site in Zanjan and (2) based on the level 3 (L3) AOD from the Terra MODIS sensor. Several other Terra MODIS land and atmosphere products, including geolocation properties, water vapor, total ozone, surface reflectance, and top-of-atmosphere (TOA) radiance, were also used as input data. The evaluation results were stronger for SARA-based DSSR compared with MODIS-based DSSR at both sites. The lower R 2 and larger RMSE, MAPE, and bias values for MODIS-based DSSR could be attributed not only to the coarse resolution of MODIS L3 AOD but also to the Dark Target (DT) algorithm, which overestimates AOD over bright land areas. Another advantage of SARA-based DSSR is the higher resolution of 1 km, which is necessary to represent spatial variability in DSSR.
Additionally, we demonstrated the robustness and usefulness of our hybrid modeling scheme by estimating the aerosol radiative forcing (ARF) upon DSSR (ARF DSSR ) and the ARF upon net surface shortwave radiation (ARF NSSR ) for dusty and non-dusty days during a dust storm in Southwest Asia in July 2009. The ARF was estimated for Ahvaz in Iran, the Persian Gulf in Iran, Al Basrah in Iraq, and Kuwait City in Kuwait. The estimated average ARF DSSR and ARF NSSR values for the dusty and non-dusty days were comparable to values from previous studies by Aher et al. (2014) , Alam et al. (2014) , and Pandithurai et al. (2008) in Pakistan and India and show the robustness and usefulness of our hybrid scheme.
The purpose of the hybrid scheme proposed in this study was to estimate DSSR with high spatial resolution for use at regional scales. However, such applications require a spatially distributed network of AERONET sites. Using only one AERONET site may create errors in the calculation. However, under the likely assumption of future access to such a network, the results of this study show that the hybrid scheme enables users to efficiently estimate DSSR for modeling and planning purposes in various areas such as land surface and climate models at both regional and global scales. Moreover, for determining a modeling scheme that is applicable to energy balance purposes, all-sky information should be provided, particularly for AOD data. Therefore, in parallel with the more robust evaluation of the approach proposed in this paper by including more sites, it could be further improved by incorporating clouds in the estimation of all-sky DSSR.
